. Main olfactory bulb (MOB) granule cells (GCs) express high levels of the group I metabotropic glutamate receptor (mGluR), mGluR5. We investigated the role of mGluRs in regulating GC activity in rodent MOB slices using whole cell patchclamp electrophysiology. The group I/II mGluR agonist (Ϯ)-1-aminocyclopentane-trans-1,3-dicarboxylic acid (ACPD) or the selective group I agonist (RS)-3,5-dihydroxyphenylglycine (DHPG) depolarized (ϳ20 mV) and increased the firing rate of GCs. In the presence of ionotropic glutamate and GABA receptor antagonists, DHPG evoked a more modest depolarization (ϳ8 mV). In voltage clamp,
Heinbockel T, Laaris N, Ennis M. Metabotropic glutamate receptors in the main olfactory bulb drive granule cell-mediated inhibition. J Neurophysiol 97: 858 -870, 2007 . First published November 8, 2006; doi:10.1152 /jn.00884.2006 . Main olfactory bulb (MOB) granule cells (GCs) express high levels of the group I metabotropic glutamate receptor (mGluR), mGluR5. We investigated the role of mGluRs in regulating GC activity in rodent MOB slices using whole cell patchclamp electrophysiology. The group I/II mGluR agonist (Ϯ)-1-aminocyclopentane-trans-1,3-dicarboxylic acid (ACPD) or the selective group I agonist (RS)-3,5-dihydroxyphenylglycine (DHPG) depolarized (ϳ20 mV) and increased the firing rate of GCs. In the presence of ionotropic glutamate and GABA receptor antagonists, DHPG evoked a more modest depolarization (ϳ8 mV). In voltage clamp, DHPG, but not group II [(2S,2ЈR,3)-2-(2Ј,3Ј-dicarboxycyclopropyl) glycine, DCG-IV] or group III [L(ϩ)-2-amino-4-phosphonobutyric acid, L-AP4] mGluR agonists, induced an inward current. The inward current reversed polarity near the potassium equilibrium potential, suggesting mediation by closure of potassium channels. The DHPGevoked inward current was unaffected by the mGluR1 antagonist (S)-(ϩ)-␣-amino-4-carboxy-2-methylbenzeneacetic acid (LY367385), was blocked by the group I/II mGluR antagonist (␣S)-␣-amino-␣-[(1S,2S)-2-carboxycyclopropyl]-9H-xanthine-9-propanoic acid (LY341495), and was absent in GCs from mGluR5 knockout mice. LY341495 also attenuated mitral cell-evoked voltage-sensitive dye signals in the external plexiform layer and mitral cell-evoked spikes in GCs. These results suggest that activation of mGluR5 increases GC excitability, an effect that should increase GC-mediated GABAergic inhibition of mitral cells. In support of this: DHPG increased the frequency of spontaneous GABAergic inhibitory postsynaptic currents in mitral cells and LY341495 attenuated the feedback GABAergic postsynaptic potential elicited by intracellular depolarization of mitral cells. Our results suggest that activation of mGluR5 participates in feedforward and/or feedback inhibition at mitral cell to GC dendrodendritic synapses, possibly to modulate lateral inhibition and contrast in the MOB.
I N T R O D U C T I O N
The main olfactory bulb (MOB) is the initial brain site that performs neural computations to decipher patterns of glomerular activity evoked by odors. Although our understanding of the roles of ionotropic glutamate receptors in the MOB circuitry has significantly improved over the last few years, relatively little is known about the function of metabotropic glutamate receptors (mGluRs). The eight mGluRs identified to date are subdivided into three groups based on sequence homology, signal transduction mechanisms and pharmacology (Conn and Pin 1997) : group I mGluRs (mGluR1, mGluR5), group II mGluRs (mGluR2, mGluR3), and group III mGluRs (mGluR4, mGluR6-8). Mitral and tufted cells, key output neurons in the MOB, express high levels of mGluR1, a group I mGluR (Martin et al. 1992; Masu et al. 1991; Shigemoto et al. 1992; van den Pol 1995) . Recent studies demonstrate that mGluR1 plays a modest role in olfactory nerve (ON)-evoked excitation of mitral cells (De Saint Jan and Westbrook 2005; Ennis et al. 2006; Heinbockel et al. 2004; Yuan and Knöpfel 2006) , including slow mitral cell oscillatory responses to ON input (Schoppa and Westbrook 2001; Yuan and Knöpfel 2006) .
Comparatively less is known about the role(s) of mGluRs in regulating the excitability of GABAergic granule cells (GCs) in the MOB. GCs have been reported to express low to moderate levels of mGluR2 (group II) (Ohishi et al. 1993 , and low levels of mGluR4 and mGluR7 (group III) (Kinzie et al. 1995; Ohishi et al. 1995; Saugstad 1997; Wada et al. 1998) . GCs express the highest levels of mGluR5 (group I) in the brain (Romano et al. 1995) . Electron microscopy studies demonstrate that mGluR5 is localized on portions of GC dendrites in the external plexiform layer (EPL) apposed to presynaptic glutamatergic synapses from mitral/tufted cell lateral dendrites (van den Pol 1995) . This suggests that mGluR5 may mediate, at least in part, responses of GCs to glutamatergic inputs from mitral/tufted cells.
At present there is only limited information about the physiological actions and function of mGluRs on GCs. Studies in dissociated cultured rat and frog MOB neuronal preparations reported that activation of group I mGluRs with (Ϯ)-1-aminocyclopentane-trans-1,3-dicarboxylic acid (ACPD) or quisqualate increased Ca 2ϩ release from internal stores in unidentified interneurons (Carlson et al. 1997; Geiling and Schild 1996) . Activation of group II (mGluR2/3) receptors was also reported to inhibit high-voltage-activated Ca 2ϩ currents in cultured frog olfactory bulb interneurons and to decrease spontaneous GABAergic inhibitory postsynaptic currents (IPSCs) in mitral/ tufted cells (Bischofberger and Schild 1996) . The function(s) of mGluRs on identified GCs in intact MOB preparations have not been investigated. Given the high level of expression of mGluR5s on GCs, we hypothesized that mGluRs would modulate GC excitability and responsiveness to glutamatergic synaptic input from mitral/tufted cells and, as a result, modulate GC-mediated GABAergic inhibition. To test these hypotheses, we studied the consequences of activation or blockade of mGluR5 on GCs using whole cell patch-clamp recordings and voltage-sensitive dye imaging in MOB slices from rats, wildtype mice, and mice with targeted gene deletions of group I mGluRs.
M E T H O D S

Animals and genotyping
Animal experimentation and usage was in accordance with local Institutional Animal Care and Use Committee and the National Institutes of Health guidelines. Experimental animals were: commercially available male and female rats (Sprague-Dawley; Zivic Laboratories, Zelienople, PA) and wild-type mice (C57Bl/6J, Jackson Laboratory, Bar Harbor, ME) plus mGluR1 and mGluR5 mutant mice (C57Bl/6J background). The generation of mGluR1 and mGluR5 receptor knockout (KO) mice has been reported previously (Chiamulera et al. 2001; Conquet et al. 1994) . Mutant mice were genotyped by polymerase chain reaction (PCR) of DNA from tail tip digests; homozygous mGluR1 mutant mice were also identified phenotypically by their progressive mobility deficit at several weeks of age (Conquet et al. 1994) . For PCR genotyping, tail tips were digested at 56°C in 20 l of proteinase K (1 g/l) in 48 mM Tris-HCl pH 8.0, 19 mM NaCl, 1.0 mM NaEDTA, 1.0% sodium dodecylsulfate until tips were completely dissolved (1-2 h). Sterile water (780 l) was added to each digest and the samples heated at 95°C for 20 min to inactivate the proteinase K. Each PCR sample (25 l) contained 1 l of DNA digest in 1ϫ PCR buffer, 1.5 mM MgCl 2 , 0.2 mM each dTTP, dCTP, dATP, dGTP and 0.625 Units of Taq polymerase. The oligonucleotide primers were 5 pmol/25 l for lacZ, 10 pmol/25 l for mGluR5 and 20 pmol/25 l for neo. The thermocycler program was initiated by a 1 min denaturation step at 94°C followed by 39 amplification cycles: 94°C-1 min, 55°C-1 min, 72°C-1 min, and a final extension at 72°C for 10 min. The reaction products were separated by electrophoresis on 1.6% agarose gels and the amplicons visualized with ethidium bromide under UV illumination. The oligonucleotides for the neomycin resistance gene (mGluR1 and mGluR5 mutant mice) were 5Ј GTGAATGAACTGCAGGACGA and 5Ј ATACTTTCTCGGCAGGAGCA and generated a 170-bp amplicon. The oligonucleotides for lacZ (mGluR1 mutant mice) were 5Ј CAT-CTACACCAACGTAACCTATCC and 5Ј GATAACTGCCGTCAC-TCCAACGCAG and generated a 296-bp amplicon. To confirm that the mGluR5 mice were homozygous KO, they were also tested with oligonucleotides for the mGluR5 gene to ensure that no amplicon (442 bp) was generated. These oligonucleotides were 5ЈCACATGC-CAGGTGACATCAT and 5Ј CCATGCTGGTTGCAGAGTAA.
Slice preparation and electrophysiology
Juvenile (21-to 31-day-old) rats or mice were decapitated, and the MOBs were dissected out and immersed in artificial cerebrospinal fluid (ACSF, see following text) at 4°C as previously described (Heinbockel et al. 2004) . Horizontal slices (400 m thick) of the MOB were cut using a vibratome (Vibratome Series 1000, Ted Pella, Redding, CA). After 30 min at 30°C, slices were incubated in a holding bath at room temperature (22°C) until used. For recording, a single brain slice was placed in a perfusion bath recording chamber mounted on a microscope stage and maintained at 30 Ϯ 0.5°C. Slices were submerged in ACSF (composition in the following text) flowing at 2.5 to 3 ml/min.
Visually guided recordings were obtained from GCs in the GC layer and mitral cells in the mitral cell layer with near-infra red differential interference contrast (NIR DIC) optics, water-immersion objectives and a BX50WI microscope (Olympus Optical, Tokyo) (Stuart et al. 1993) . NIR transillumination was at 900 nm (filter transmission, 850 -950 nm) concentric with the objective and optimized for DIC. A 0.25-in CCD camera (CCD 100, Dage, Stamford, CT), fitted with a 3-to-1 zooming coupler (Optem, Fairport, NY) was used. Contrast was enhanced in real-time using an image processor (Model 794, Hughes Aircraft, Carlsbad, CA), and the image was displayed on a monochrome monitor (Dage HR120, Dage-MTI, Michigan City, IN).
Recording pipettes were pulled on a Flaming-Brown P-97 puller (Sutter Instrument, Novato, CA) from standard-wall filamented 1.5-mm diameter borosilicate glass; tip diameter was 2-3 m, tip resistance was 5-8 M⍀. Seal resistance was routinely Ͼ1G⍀. Liquid junction potential was 9 -10 mV; reported voltage measurements were not corrected for this potential. Data were obtained using an Axopatch 200B amplifier (Axon Instruments, Foster City, CA). Analog signals were recorded, low-pass Bessel filtered at 2 kHz, and digitized on videotape (AR Vetter, Rebersburg, PA) and computer disk (Axoscope/Clampex, Axon Instruments). Data were also collected through a Digidata-1200A (Axopatch) or Digidata 1322A (Multiclamp) Interface (Axon Instruments) and digitized at 10 kHz. Holding currents were generated under manual control by the recording amplifier. Spontaneous inhibitory postsynaptic currents (IPSCs, Fig. 6 ) were analyzed over 1-min epochs using Mini Analysis Program (version 6.0.1. Synaptosoft, Decatur, GA). The detection threshold for IPSCs was 20 pA. In current clamp, membrane resistance was calculated from the amount of steady-state current required to hyperpolarize the cell by 10 mV, typically from Ϫ70 to Ϫ80 mV. In voltage clamp, membrane resistance was calculated from currents elicited by negative voltage pulses (10 mV, 1 s, 0.05 Hz). Current versus voltage (I-V) plots were obtained over potentials from Ϫ130 to Ϫ40 mV (see Fig.  5B , inset) using a voltage step protocol (10-mV step intervals, 500 ms/step, V hold ϭ -70 mV) in the presence of synaptic blockers [2-amino-5-phosphonovaleric acid (APV), 6-cyano-7-nitroquinoxalene-2,3-dione (CNQX), gabazine] and TTX. Numerical data are expressed as the means Ϯ SE. Unless otherwise noted, tests for statistical significance (P Ͻ 0.05) were performed using Student's t-test.
Optical imaging voltage-sensitive dye signals
Optical imaging of voltage-sensitive dye signals was used to investigate activity patterns evoked by stimulation of the lateral olfactory tract (LOT, see following text). Slices were harvested as described in the preceding text. After incubation at room temperature in ACSF, slices were stained with the voltage-sensitive dye RH-414 (100 M; Molecular Probes, Eugene, OR). The dye was dissolved in ACSF, and a single slice was placed in a static bath containing this solution, continuously aerated with 95% O 2 -5% CO 2 for 30 -45 min. The stained slice was then transferred to an immersion-type recording chamber, and continuously perfused at 2 ml/min with ACSF at room temperature. To washout unbound dye, stained slices were perfused with ACSF for Ն15 min before initiating the optical recording. Methods used for recording voltage-sensitive optical signals are similar to those described in detail elsewhere (Keller et al. 1998; Laaris et al. 2006 ). The recording chamber was mounted on a fixed stage upright microscope (Olympus BX50WI), rigidly mounted on a vibration-isolation table. A stabilized D.C. power source was used to power a 100 W tungsten-halogen lamp, and the light from this lamp was band-limited with interference (540 Ϯ 30 nm band-pass, Omega Optical, Brattleboro, VT) and heat filters. Light from the preparation was collected through a ϫ10 water-immersion objective (Olympus), and projected onto a hexagonal 464 element array of photodiodes (NeuroPlex, OptImaging, Fairfield, CT) . Each photodiode sampled optical signals from a region of ϳ60 ϫ 60 m 2 . The current output from each photodiode was separately converted to voltages, and amplified in two separate stages (ϫ1,000), multiplexed, and digitized at 12-bit resolution with an A/D converter. Optical signals were filtered at 500 Hz before digitizing. Data were collected and stored on a personal computer controlled by NeuroPlex software (OptImaging). Optical signals were collected at a sampling rate of 1.63 kHz. Optical responses were averaged for five consecutive stimulation trials, collected at 20-s intervals. To correct for spatial differences in illumination intensity and light path length, the signal recorded from each detector was divided by the resting light intensity calculated for the corresponding detector. The resting light intensity for each detector was calculated by subtracting the intensity values recorded while the shutter was closed from those recorded while the shutter was open when no stimulation was applied. The resulting signal amplitudes are expressed as a fractional change in fluorescence, relative to baseline fluorescence levels (⌬F/F 0 ). To quantify the relative changes in light fluorescence, we calculated the mean and SE of the ⌬F/F 0 during the 50 ms preceding the stimulus. For statistical analyses, the LOTevoked response amplitudes are expressed as the means Ϯ SE above these mean baseline values. To illustrate the spatial distribution of optical signals (Fig. 7) , poststimulus signal amplitudes were colorcoded and interpolated as a percentage of the prestimulus signal amplitude. Analyses of data were performed on an Apple Macintosh computer, using routines developed in Igor (WaveMetrics, Lake Oswego, OR). To precisely identify the regions in the slice from which optical recordings were collected, a custom-designed beam splitting device (Microscope Services, Rockville, MD) was used to simultaneously project the images of the slice and light from lightemitting diodes embedded in the photodiode array onto the image plane of a CCD camera (Dage CCD72, Michigan City, IN). This allowed us to correlate voltage-sensitive dye optical signals with the laminar borders of different layers in MOB slices (see Fig. 7 ).
In addition to voltage-sensitive dye-related signals, optical responses may also arise from sources intrinsic to the slice (Grinvald et al. 1988; Yuste et al. 1997) . To determine if such intrinsic signals contributed to the waveforms recorded in our study, we performed experiments in slices that were not stained with the voltage-sensitive dyes (n ϭ 2); no optical signals were detected in these control experiments using methods identical to those for recording voltagesensitive dye signals. We also tested the dependence of these signals on the illumination wavelength. When the illumination was changed to a wavelength outside the absorption spectrum of the dye (Ն800 nm), no optical signal was detected in the MOB. This suggests that the optical signals represent dye-related responses and are not the result of intrinsic optical signals. Dye-related optical signals may also originate from activation of glial cells. In this case, the optical responses recorded from glial cells are expected to exhibit a slow time course (Ͼ1 s) compared with that of neuronal responses (Konnerth et al. 1987) . In the mouse MOB, glomerular layer astrocytes exhibit longlasting (ϳ1 s) responses to single ON shocks (De Saint Jan and Westbrook 2005) . However, the evoked optical signals recorded in the MOB had only a single depolarizing component, whose duration was Ͻ85 ms. Additionally, previous studies demonstrate that glial toxins do not alter voltage-sensitive dye optical signals in MOB evoked by ON stimulation (Keller et al. 1998) . Taken together, these findings suggest that the dye-related optical signals analyzed in the present study reflect neuronal responses, and are not related to signals originating from glial cells.
Stimulation of the glomerular layer and LOT
The glomerular layer (GL) or the LOT were electrically stimulated to directly activate mitral cells, and in turn, mitral to granule cell glutamatergic synapses as previously reported (Aroniadou-Anderjaska et al. 2000; Egger et al. 2005; Halabisky et al. 2000; Schoppa and Westbrook 1999; Schoppa et al. 1998) . Focal stimulation was achieved with a bipolar electrode constructed from a pair of twisted stainless-steel wires (50 m), insulated except for bluntly cut tips. Stimuli were isolated monophasic square wave pulses (10 -100 A in amplitude, 0.1 ms in duration) delivered by a Grass S8800 stimulator (Astro-Med, West Warwick, RI) and an isolated constant current source (Grass PSIU6, Astro-Med).
Drugs and solution
The standard ACSF consisted of (in mM): 120 NaCl, 3 KCl, 1.3 CaCl 2 , 1.3 MgSO 4 , 10 glucose, 25 NaHCO 3 , and 5 BES [N,N-bis(2-hydroxyethyl)-2-aminoethanesulfonic acid] 5% O 2 -5% CO 2 -saturated, pH 7.27, 300 mOsm (Heyward et al. 2001 ). The standard pipette-filling solution consisted of (in mM) 125 K gluconate, 2 MgCl 2 , 10 HEPES, 2 Mg 2 ATP, 0.2 Na 3 GTP, 1 NaCl, and 0.2 EGTA. To record inhibitory postsynaptic currents (IPSCs) in mitral cells, a high-Cl Ϫ pipette solution was used to shift the chloride equilibrium potential close to 0 mV, thus reversing the polarity of IPSCs; this solution consisted of (in mM) 55 KCl, 75 K 2 SO 4 , 7 NaCl, 1 MgSO 4 , 10 HEPES, 2 MgATP, 2 Mg 2 ATP, and 0.2 Na 3 GTP and 200 M BAPTA. Recording medium and pipette solution components were from Sigma-Aldrich (St. Louis, MO). The following drugs were bath applied:
, tetraethylammonium chloride (TEA), and tetrodotoxin (TTX). All drugs were supplied by Tocris (Ellisville, MO), except for gabazine, TEA chloride, and TTX (Sigma-Aldrich, St. Louis, MO).
R E S U L T S
GCs were identified visually with NIR-DIC by their relatively small soma size, location in the GC layer, and high-input resistance (rats: 560.6 Ϯ 55.2 M⍀, n ϭ 10; mice: 947.5 Ϯ 106.2 M⍀, n ϭ 46). We recorded from 26 GCs in rat and 135 GCs in mouse MOB slices. All 15 cells recorded in the granule cell layer and filled with biocytin were confirmed to be GCs by subsequent histological examination (data not shown).
Group I/II mGluR agonist depolarizes granule cells and increases their firing rate
We first investigated the actions of the group I/II mGluR agonist, ACPD, on GC membrane potential and spontaneous spike generation in current-clamp recording mode. As shown in Fig. 1 , bath application of ACPD (50 M) strongly depolarized all GCs tested (n ϭ 24); such depolarization was often accompanied by increased action potential firing rate (15/24 cells tested) and increased frequency of EPSPs. The depolarizing effect of ACPD on GCs was similar in rats and wild-type mice [peak membrane depolarization compared with baseline (⌬mV) in rats ϭ 19.1 Ϯ 2.7 mV, n ϭ 14; ⌬mV in mice ϭ 22.7 Ϯ 3.9 mV, n ϭ 10; P ϭ 0.088, Fig. 1F ). Prolonged application (Ͼ2 min) of ACPD resulted in spike broadening, decreased spike amplitude and gradual reduction in firing of GCs (i.e., depolarization block; Fig. 1B ). All of these effects were fully reversible during washout.
To determine if the preceding effects were mediated by direct activation of mGluRs on GCs, ACPD was applied in the presence of blockers of ionotropic glutamate and GABA A receptors ("synaptic blockers"): CNQX (10 M), APV (50 M), and gabazine (5 M). As shown in Fig. 1C , the synaptic blockers reduced GC spontaneous synaptic activity (e.g., compare baseline in Fig. 1 , A vs. C and D vs. E; see also Fig. 4) , including EPSPs as well as spontaneous action potentials, without significantly changing the resting membrane potential (⌬mV in synaptic blockers: 0.2 Ϯ 0.3 mV, n ϭ 30). In the presence of synaptic blockers (Fig. 1C) , the depolarizing action of ACPD persisted although it was reduced in amplitude (⌬mV ϭ 8.4 Ϯ 1.9 mV, n ϭ 9) compared with control ACSF (⌬mV ϭ 19.1 Ϯ 2.7 mV, P ϭ 0.018, independent t-test). Similarly, in wild-type mice (Fig. 1F ) ACPD evoked a smaller depolarization in the presence of synaptic blockers (⌬mV ϭ 5.5 Ϯ 0.6 mV, n ϭ 11) compared with control conditions (⌬mV ϭ 22.7 Ϯ 3.9 mV; P ϭ 0.00018, independent t-test). The peak depolarization evoked by ACPD in synaptic blockers was not significantly different between rats and mice (P ϭ 0.088, Fig. 1F ). ACPD, and DHPG (see following text), were recently demonstrated to strongly and directly depolarize mitral cells and increase their firing rate via activation of mGluR1 (Heinbockel et al. 2004 ). We interpret the reduced effect of ACPD and DHPG in the presence of synaptic blockers as follows. ACPD applied in normal media directly depolarizes granule cells and also indirectly excites them as a consequence of increased glutamate release from mitral cells. The latter effect is eliminated when ACPD is applied in the presence of synaptic blockers.
Effects essentially identical to those of ACPD were obtained with the selective group I agonist DHPG (50 M; Figs. 1, D and E, and 4C). DHPG depolarized (⌬mV in mice ϭ 15.3 Ϯ 3.2 mV) and increased the firing rate of all GCs tested (n ϭ 10). As with the effect of ACPD, the action of DHPG persisted but was reduced in amplitude in the presence of synaptic blockers (⌬mV in synaptic blockers: 8.0 Ϯ 1.1 mV, n ϭ 11; P ϭ 0.032, independent t-test, Figs. 1E and 4C). The peak membrane depolarization produced by ACPD in normal media or synaptic blockers did not differ significantly from the values produced by DHPG in similar conditions (ACPD vs. DHPG, normal ACSF: P ϭ 0.16; ACPD vs. DHPG with synaptic blockers: P ϭ 0.059).
Selective group I mGluR agonists activate GCs
GCs express both group I and II receptor subtypes (Ohishi et al. 1993 Romano et al. 1995 ; van den Pol 1995). Group
FIG. 1. Group I and group I/II mGluR agonists directly excite granule cells (GCs).
A: bath application of the group I/II mGluR agonist (Ϯ)-1-aminocyclopentane-trans-1,3-dicarboxylic acid (ACPD; 50 M, at lower bars) resulted in membrane potential depolarization and increased action potential firing in this rat GC. Similar responses were produced by re-application of ACPD, indicating minimal desensitization to the agonist. ACPD-evoked responses were reversible, and the membrane potential typically returned to control levels within 5 min after washout. B: response of the cell in A is shown at an extended time scale. Traces 1-3 correspond to the similarly labeled time points in A. C: application of blockers of fast synaptic transmission [synaptic blockers; 6-cyano-7-nitroquinoxalene-2,3-dione (CNQX), 10 M; 2-amino-5-phosphonovaleric acid (APV), 50 M; gabazine, 5 M] to the same cell shown in A reduced the baseline spontaneous synaptic activity. The depolarizing response to ACPD under these conditions was smaller than that without synaptic blockers and did not reach spike threshold. D: group I mGluR agonist (RS)-3,5-dihydroxyphenylglycine (DHPG; 50 M) depolarized and increased the firing rate of this typical mouse GC. E: in the same cell shown in D, blockers of fast synaptic transmission reduced baseline spontaneous synaptic activity [spontaneous excitatory postsynaptic potentials (EPSPs)] and DHPG evoked a more moderate depolarization. F: bar graph summarizing the effects of ACPD on rat and mouse GCs with or without synaptic blockers (SB). Data are expressed as changes in membrane voltage compared with control; see text for numbers of GCs tested. DHPG group data are included in Fig. 4 . *, significantly different from control, P Ͻ 0.05, paired t-test. #, significantly different from non-SB group, P Ͻ 0.05, independent t-test, see text for specific P values.
I mGluRs include the mGluR1 and mGluR5 subtypes. Therefore several potential mGluR subtypes could mediate the effects of broad-spectrum agonists. To further investigate the specific mGluRs involved in responses to ACPD and DHPG, we explored the actions of preferential agonists for the three mGluR groups. In voltage-clamp recordings (V hold ϭ Ϫ70 mV), DHPG (50 M) applied in normal ACSF elicited an inward current and an increase in the frequency of spontaneous EPSCs (Fig. 2A) . As noted above, the increased EPSC frequency is probably due to activation of mitral cells and subsequent glutamate release, which acted on ionotropic glutamate receptors on GCs. Consistent with this, synaptic blockers eliminated sEPSCs and consequently the DHPGevoked increase in sEPSCs. In the presence of synaptic blockers, neither the group III agonist L-AP4 (100 M, Fig.  2B ) nor the group II agonist DCG-IV (20 M, Fig. 2C ) elicited significant currents (P ϭ 0.17 and P ϭ 0.53, respectively, n ϭ 8). The lack of effect of DCG-IV and L-AP4 is not due to insufficient concentration as both were applied well above their respective EC50s (Ͻ1 M) for group II and III mGluRs, respectively, and at concentrations known to activate these receptors in olfactory bulb neurons (Schoppa and Westbrook 1997; Westbrook 1990, 1992) . By contrast, in the same GCs, the group I agonist DHPG (50 M) elicited an inward current (8.0 Ϯ 0.8 pA, n ϭ 24; P ϭ 0.00001; Fig. 2E ).
GCs express high levels of mGluR5, but mGluR1 is not present in GCs or is expressed at very low levels (van den Pol 1995) . This suggests that the effects of DHPG are probably mediated via activation of mGluR5 on GCs. The specificity of DHPG was further assessed with mGluR antagonists. We first tested the effects of LY367385, a selective mGluR1 antagonist with negligible actions on group II and III mGluRs, and effects on mGluR5 only at a concentration in excess of 100 M (Clark et al. 1997; Salt et al. 1999) . Application of LY367385 (10 -100 M) in the presence of synaptic blockers did not elicit any measurable currents in GCs (⌬ pA: 0.4 Ϯ 0.2 pA, n ϭ 5, P ϭ 0.18). In the presence of synaptic blockers, LY367385 did not affect the amplitude of the inward current elicited by DHPG compared with DHPG applied alone in synaptic blockers (Fig. 3) [⌬pA DHPG ϭ 8.0 Ϯ 0.8 pA, n ϭ 24 (see preceding text) vs. ⌬pA DHPG ϩ LY367385 ϭ 6.8 Ϯ 3.1 pA, n ϭ 4; P ϭ 0.59, independent t-test]. The failure of LY367385 to decrease the inward current indicates that it does not involve postsynaptic mGluR1 on GCs and further that DHPGevoked glutamate release from mitral/tufted cells (via activation of mGluR1 in the presence of fast synaptic blockers) does not itself lead to a detectable mGluR5-mediated current in GCs. The lack of effect of LY367385 is not attributable to an insufficient concentration for mGluR1 blockade as recent experiments (Heinbockel et al. 2004 ) demonstrated that an identical LY367385 concentration completely antagonized the effects of DHPG at mGluR1 in mitral cells. As shown in Fig. 3 , application of LY341495 (100 M), which blocks all mGluRs at this concentration (Fitzjohn et al. 1998; Kingston et al. 1998) , completely blocked DHPG responses in GCs (⌬pA in DHPG ϩ LY341495: 0.6 Ϯ 0.3 pA, n ϭ 6; P ϭ 0.001, independent t-test).
DHPG excitation of granule cells is present in mGluR1 knockout mice and absent in mGluR5 knockout mice
The preceding pharmacological results suggest that the effect of DHPG on GCs is mediated by activation of mGluR5. We took advantage of mice with targeted deletions of the mGluR5 or mGluR1 genes (Chiamulera et al. 2001; Conquet et al. 1994 ) to further investigate the role of these receptor subtypes on GCs. GCs recorded in slices harvested from FIG. 2. Group I, but not group II or III, mGluR agonists activate GCs. A: in voltage-clamp recordings (V hold ϭ Ϫ70 mV) from this rat GC, DHPG (50 M) applied in normal media evoked an inward current and an increase in the frequency of spontaneous excitatory postsynaptic currents (EPSCs). Recordings at time points 1 and 2 are illustrated in the corresponding lower tracers at a faster time scale. Note increase in the frequency of EPSCs during DHPG application. Experiments in B-E were performed in the presence of synaptic blockers in mouse GCs: CNQX (10 M), APV (50 M) and gabazine (5 M). B and C: application of the group III agonist L(ϩ)-2-amino-4-phosphonobutyric acid (L-AP4; 100 M) or the group II agonist (2S,2ЈR,3)-2-(2Ј,3Ј-dicarboxycyclopropyl)glycine (DCG-IV; 20 M) did not alter the membrane current. D: by contrast, the selective group I agonist DHPG (50 M) produced a significant inward current in the presence of synaptic blockers. Recordings in B-D are from the same cell; V hold ϭ Ϫ70 mV. E: bar graph summarizing the effects the mGluR agonists tested in the presence of synaptic blockers; data are expressed as changes in membrane current compared with control (synaptic blocker only condition); see text for numbers of GCs tested. *, significantly different from control, P Ͻ 0.05, paired t-test.
wild-type and mGluR5
Ϫ/Ϫ mice were similar in terms of basic electrophysiological properties, such as resting membrane potential (Ϫ65.8 Ϯ 0.9 mV, n ϭ 82, wild-type vs. Ϫ69.9 Ϯ 2.3 mV, n ϭ 15, mGluR5 Ϫ/Ϫ mice, P ϭ 0.07), input resistance: (947.5 Ϯ 106.2 M⍀, n ϭ 46, wild-type vs. 861.5 Ϯ 86.5 M⍀, n ϭ 15, mGluR5 Ϫ/Ϫ mice, P ϭ 0.68) and ability to generate spikes (95.2%, n ϭ 63, wild-type vs. 100%, n ϭ 15, mGluR5 Ϫ/Ϫ mice). In mGluR5 Ϫ/Ϫ mice, DHPG applied in normal media depolarized and increased the firing of GCs (Fig.  4 , A, left, and C; ⌬mV ϭ 17.4 Ϯ 4.6 mV, n ϭ 7, P ϭ 0.009), similar to the effects of DHPG in wild-type mice ( Figs. 1D and  4C ; ⌬mV ϭ 15.3 Ϯ 3.2 mV). There was no difference between the DHPG-evoked depolarization in wild-type and mGluR5 Ϫ/Ϫ mice (P ϭ 0.7). Thus as in wild-type mice, the effect of DHPG on GCs in mGluR5 knockout animals is mediated as a consequence of mGluR1-mediated excitation of mitral cells, followed by activation of ionotropic glutamate receptors on GCs. In agreement with this, DHPG had no discernible effects on GCs in slices from mGluR5 Ϫ/Ϫ mice when applied in the presence of synaptic blockers ( Fig. 4A, right; ⌬ mV ϭ 0.6 Ϯ 0.4 mV, n ϭ 7, P ϭ 0.23), and the response was therefore significantly less than that in mGluR5 Ϫ/Ϫ mice in normal media (P ϭ 0.003).
The effects of DHPG were also tested on GCs in slices harvested from mGluR1 knockout mice. Because mGluR1s are absent in these mice (Conquet et al. 1994 ; Heinbockel et al.
FIG. 3. Effects of mGluR antagonists on GC responses to DHPG. A and B:
inward current evoked by DHPG (A) in this mouse GC was not attenuated by the selective mGluR1 antagonist (S)-(ϩ)-␣-amino-4-carboxy-2-methylbenzeneacetic acid (LY367385; 100 M), as shown in (B); V hold ϭ Ϫ70 mV in all panels. C: nonselective mGluR antagonist (␣S)-␣-amino-␣-[(1S,2S)-2-carboxycyclopropyl]-9H-xanthine-9-propanoic acid (LY341495; 100 M) blocked the DHPG-evoked inward current in the same cell, suggesting that the group I receptor mGluR5 mediates the response to DHPG. All experiments were performed in the presence of synaptic blockers: CNQX (10 M), APV (50 M), and gabazine (5 M). D: bar graph summary of group data; data are expressed as changes in membrane current compared with control in synaptic blockers; see text for numbers of GCs tested. *, significantly different from control, P Ͻ 0.05, paired t-test.
FIG. 4. DHPG-evoked excitation of GCs is absent in mGluR5 null mutant mice. A, left: DHPG (50 M) excites a GC recorded in a slice harvested from an mGluR5
Ϫ/Ϫ mouse. Right: in the presence of synaptic blockers [CNQX (10 M), APV (50 M), and gabazine (5 M)], DHPG had no effect on the same GC. B: in normal media (left), DHPG depolarizes and moderately increases the firing rate of a GC from an mGluR1 Ϫ/Ϫ mouse. Subsequent application of DHPG (50 M) to the same cell in the presence of synaptic blockers (right) elicited a comparable depolarization although evoked spikes are absent. Note that application of synaptic blockers (right) in A and B decreases baseline noise compared with left control traces, which include spontaneous EPSPs. C: bar graph showing group data on the effects of DHPG in wild-type and mGluR KO mice with or without synaptic blockers present; data are expressed as DHPGevoked depolarization (mV) compared with control. WT, wild-type mice; mGluR5 KO, mGluR5 knockout mice; mGluR1 KO, mGluR1 knockout mice; SB, synaptic blockers; see text for numbers of GCs tested. *, significantly different from control, P Ͻ 0.05, paired t-test. #, significantly different from respective non-SB group, P Ͻ 0.05, independent t-test. See text for specific P values. The DHPG-evoked depolarization in the mGluR1 KO group was significantly less than in the WT group (P Ͻ 0.02). There were no significant differences (P Ͼ 0.05, see text for specific P values) between the 1) WT and mGluR5 KO groups, 2) WT ϩ SB and mGluR1 KO ϩ SB groups, and 3) mGluR1 KO and mGluR1 KO ϩ SB groups.
2004), DHPG should excite GCs solely via activation of postsynaptic mGluR5, and this excitation should persist in the presence of synaptic blockers. In agreement with this, DHPG elicited a comparable depolarization of GCs from mGluR1 Ϫ/Ϫ mice in normal media (⌬mV: 6.0 Ϯ 0.8 mV, n ϭ 4; P ϭ 0.005) and in the presence of synaptic blockers (⌬mV: 8.8 Ϯ 2.0 mV, n ϭ 9; P ϭ 0.002); there was no significant difference between the amplitude of the DHPG-evoked depolarization in normal media and in synaptic blockers (P ϭ 0.39, independent t-test). The response of GCs from mGluR1 Ϫ/Ϫ mice in normal media was smaller than that in GCs from wild-type in normal media (P ϭ 0.02, independent t-test). The amplitude of the DHPGevoked depolarization in synaptic blockers was nearly identical in wild-type (8.0 Ϯ 1.1 mV, data from preceding text) and mGluR1 Ϫ/Ϫ mice (8.8 Ϯ 2.0 mV; P ϭ 0.73, independent t-test). These data provide further evidence that the DHPGevoked depolarization depends on postsynaptic activation of mGluR5 on GCs and also that DHPG-evoked excitation of mitral/tufted cells (via mGluR1) does not release sufficient glutamate to induce an mGluR5-mediated depolarization of GCs. However, we cannot exclude the possibility that DHPG, via mGluR5, might cause the release of other excitatory transmitters from neuronal elements presynaptic to GCs.
DHPG elicits an inward current in granule cells
The preceding experiments demonstrate that the effects of DHPG on GCs persist in the presence of synaptic blockers and therefore appear to be directly mediated. DHPG was also tested in the presence of TTX (1 M) to further preclude presynaptic actions. The magnitude of the DHPG-evoked current was unaffected by TTX (8.0 Ϯ 0.8 pA, n ϭ 24, synaptic blockers vs. 8.2 Ϯ 0.9 pA, n ϭ 10, synaptic blockers ϩ TTX; P ϭ 0.88). This indicates that the DHPG-evoked current in GCs does not involve TTX-sensitive sodium channels or spike-dependent transmitter release from neuronal elements presynaptic to GCs. The current-voltage (I-V) relationship of the DHPG-evoked inward current in GCs was investigated at potentials from Ϫ130 to Ϫ40 mV using voltage step protocols (see METHODS) in the presence of synaptic blockers [CNQX (10 M), APV (50 M), gabazine (5 M)] and TTX (1 M) in the bathing solution. The I-V relationship of the DHPG current was nearly linear between Ϫ140 and Ϫ70 mV, and reversed in polarity at approximately -100 mV (Fig. 5, A and B) . The inward current appeared to decrease slightly at potentials positive to Ϫ60 mV, suggesting that it may involve multiple components; DHPGevoked currents at membrane potential positive to Ϫ40 mV were not explored.
The reversal potential of the DHPG current (approximately Ϫ100 mV) is nearly identical to the estimated K ϩ equilibrium potential (Ϫ96 mV), suggesting that the current may be mediated, at least in part, by closure of K ϩ channels. In agreement with this, DHPG application significantly increased the membrane input resistance of GCs (synaptic blockers ϩ TTX: 682.9 Ϯ 65.5 M⍀; synaptic blockers ϩ TTX ϩ DHPG: 884.3 Ϯ 89.4 M⍀, n ϭ 10, P Ͻ 0.0001). The specific involvement of K ϩ ions was further assessed with bath-applied K ϩ channel blockers: BaCl 2 (300 M), 4-aminopyridine (100 M), TEA (20 mM), CsCl (5 mM). K ϩ channels were blocked by bath-applied reagents rather than including them in the recording pipette as the later method is insufficient to completely block K ϩ channels in mitral cells (Heinbockel et al. 2004) . I-V curves generated with K ϩ channel blockers in the bath before and after DHPG (50 M) application revealed that DHPG evoked no significant current at membrane potentials negative to Ϫ60 mV (Fig. 5, C and D) ; a small but significant inward current was present at Ϫ60 to Ϫ40 mV. DHPG did not plots represent group data from 8 mouse GCs. B: DHPG-induced inward current obtained by subtracting the 2 I-V curves in A reversed polarity close to -100 mV, near the estimated potassium equilibrium potential (Ϫ96 mV). *, values that are significantly different between the 2 curves in A. Inset: voltage steps and corresponding currents in the DHPG condition in A; 2, steady-state currents used to plot I-V curves. C: I-V curves generated with potassium channel blockers in the bath (300 M BaCl 2 , 100 M 4-aminopyridine, 20 mM TEA, 5 mM CsCl) before (E) and during (F) DHPG application; plots show group data from 6 GCs. D: with potassium channel blockers in the bath the DHPG current was eliminated at hyperpolarized membrane potentials. *, values that are significantly different between the 2 curves in C.
significantly alter the input resistance of GCs in the presence of K ϩ channel blockers (K ϩ channel blockers: 1,900.8 Ϯ 167.9 M⍀; K ϩ channel blockers ϩ DHPG: 1,882.9 Ϯ 183.0 M⍀, n ϭ 17, P ϭ 0.93). Taken together, these results indicate that a major component of the DHPG-evoked inward current at the membrane potentials tested is due to closure of K ϩ channels.
Activation of mGluR5 increases GABAergic inhibition of mitral cells
Excitatory mGluR5s on GCs may function, in part, to facilitate feedback and feedforward inhibition of mitral cells. Is mGluR5-evoked excitation of GCs sufficient to increase GABA release onto mitral cells? To address this question, we first used voltage-clamp recordings to determine if DHPGevoked activation of GCs alters GABAergic inhibitory input to mitral cells. A high concentration of chloride was used in the patch pipette to increase the detectibility of IPSCs; under these conditions IPSCs appeared as inward currents (see METHODS). In the presence of ionotropic glutamate receptor blockers, DHPG (50 M) increased the frequency of IPSCs in mitral cells in wild-type mice from 1.8 Ϯ 0.4 to 10.3 Ϯ 2.8 Hz (P ϭ 0.0025, n ϭ 8; Fig. 6, A and C) . However, the increase in IPSCs was accompanied by a large inward current (Ϫ106.4 Ϯ 10.4 pA) in mitral cells, mediated by direct activation of mGluR1 as previously reported (Heinbockel et al. 2004 ). To preclude the latter effect, similar experiments were performed in mGluR1 Ϫ/Ϫ mice. DHPG, applied in the presence of ionotropic glutamate receptor blockers, increased the frequency of IPSCs from 4.3 Ϯ 1.4 to 16.3 Ϯ 3.0 Hz (P ϭ 0.004, n ϭ 6) but did not elicit a significant inward current in mitral cells (Fig.  6B) . In all experiments, IPSCs were abolished by the GABA A receptor antagonist gabazine (Fig. 6, A and B) . The frequency of IPSCs in wild-type versus mGluR1 Ϫ/Ϫ mice was not significantly different in control conditions (P ϭ 0.078) and during DHPG application (P ϭ 0.11).
Blockade of mGluRs reduces mitral cell-evoked excitation of GCs
The findings in the preceding text demonstrate that pharmacological activation of mGluR5 on GCs increases GABAergic Ionotropic glutamate receptors were blocked with CNQX (10 M) and APV (50 M). Under these conditions, chloridemediated IPSCs are reversed in polarity and appear as downward deflections (inward currents). A, top: application of DHPG (50 M) evoked a prominent slow inward current in mitral cells recorded in slices from wild-type mice. Time points 1-3 are shown at faster time scale in the 3 lower traces, respectively. Note the increase in frequency of fast IPSCs (trace 2), which are completely blocked by the GABA A receptor antagonist gabazine (5 M, trace 3). B: in a mitral cell from an mGluR1 Ϫ/Ϫ mouse, the DHPG-evoked slow inward current was absent, but DHPG substantially increased the frequency of IPSCs. Recording conditions and labeling as in A. C: bar graph summarizing the effects of DHPG on the frequency of spontaneous IPSCs in mitral cells from wild-type (WT, n ϭ 8) and mGluR1 Ϫ/Ϫ (mGluR1 KO, n ϭ 6) mice. *, significantly different from respective control group, P Ͻ 0.05, paired t-test).
inhibition of mitral cells. Does activation of mGluR5 play a functional role in GC responses to glutamatergic synaptic input from mitral cells and are these receptors involved in GCmediated feedback inhibition of mitral cells? To address these questions, we first assessed the effects of the mGluR antagonist LY341495 on GC responses to mitral cell input using optical imaging of voltage-sensitive dyes. As recently reported (Laaris et al. 2006) , single shocks applied to the LOT elicited optical responses that were first observed in the external plexiform layer (EPL; 7.3 Ϯ 0.4 ms onset latency, n ϭ 10; Fig. 7 ). LOT-evoked responses then spread sequentially into the superficial GCL. LOT-evoked responses were abolished by removal of Ca 2ϩ from the ACSF, by application of TTX (0.5 M) or CNQX-APV, indicating that they are postsynaptically mediated (Laaris et al. 2006) . As shown in Fig. 7 , application of LY341495 (100 M) reduced the peak amplitude of the LOTevoked voltage-sensitive dye signal in the EPL by 48.8 Ϯ 3.1% (range, 34.9 -53.7%; n ϭ 5 slices, P ϭ 0.0002).
The preceding findings suggest that mGluR blockade reduces GC excitability to mitral/tufted cell synaptic input. To further investigate this, current-clamp recordings were used to asses the effects of mGluR blockade on GC responses to mitral/tufted cell input. As shown in Fig. 8A , single shocks applied to the glomerular layer to directly activate mitral cells elicited spikes in GCs as previously reported (Schoppa et al. 1998) . LY341495 reversibly reduced the mean response probability to mitral/tufted cell input, i.e., the occurrence of a spike, from 79.8 Ϯ 3.7% to 49.5 Ϯ 8.3% (Fig. 8, A and B; n ϭ 10 cells, P ϭ 0.009). Although LY341495 produced a small, nonsignificant mean hyperpolarization of the resting membrane potential (Ϫ0.5 Ϯ 0.6 mV; control: Ϫ55.7 Ϯ 2.8, LY341495: Ϫ56.2 Ϯ 3.0 mV; n ϭ 10 cells, P ϭ 0.4; Fig. 8C ), a cell-by-cell analysis revealed that the reduction of evokedspiking by LY341495 varied with the degree of hyperpolarization. As shown in Fig. 8D , the response probability to mitral/ tufted cell input decreased with increasing hyperpolarization (r ϭ Ϫ0.73; P ϭ 0.01, n ϭ 10). Additionally, LY341495 significantly hyperpolarized the six cells that exhibited the largest reduction in evoked spiking ( Fig. 8D ; Ϫ1.8 Ϯ 0.2 mV, control: Ϫ54.9 Ϯ 0.2 mV, LY341495: Ϫ56.7 Ϯ 0.1 mV; P ϭ 0.017); spike threshold was not significantly affected by LY341495 in these cells (Ϫ46.0 Ϯ 3.4 vs. Ϫ46.9 Ϯ 4.2 mV; P ϭ 0.42). LY341495 produced a small, but nonsignificant reduction in the amplitude of evoked EPSPs (control: 9.7 Ϯ 0.6 mV, LY341495: 9.0 ϩ 0.6 mV; n ϭ 10 cells, P ϭ 0.08; Fig.  8E ), and there was no consistent relationship between the EPSP amplitude and the degree of hyperpolarization (r ϭ Ϫ0.29; P ϭ 0.4; n ϭ 10). In parallel voltage-clamp recordings (Fig. 8, F and G) , LY341495 did not significantly affect the amplitude, onset latency, kinetics or integral of the glomerularevoked EPSC in GCs (n ϭ 10; amplitude: 15.6 Ϯ 3.3 vs. 15.2 Ϯ 3.3 pA, P ϭ 0.7; onset latency: 6.1 Ϯ 2.1 vs. 4.8 Ϯ 0.9 ms, P ϭ 0.3; 10 -90% rise time: 37.4 Ϯ 14.3 vs. 41.7 Ϯ 18.9 ms, P ϭ 0.5; half-width: 145.9 Ϯ 30.8 vs. 145.8 Ϯ 30.9 ms, P ϭ 0.9). Taken together, these findings suggest that the reduction of evoked spiking in GCs by LY341495 was not due to presynaptic modulation of glutamate release from mitral/ tufted cell dendrites but may be due to the degree of GC hyperpolarization.
Blockade of mGluRs reduces feedback inhibition of mitral cells. The preceding experiments indicate that inactivation of mGluRs significantly attenuates mitral cell-evoked excitation of GCs. Does blockade of mGluRs decrease GC-mediated inhibition of mitral cells? To address this question, we determined if LY341495 alters feedback IPSPs elicited by direct depolarization of individual mitral cells. As previously reported (Isaacson and Strowbridge 1998), depolarizing current steps applied to mitral cells in the presence of TTX and TEA were followed by a feedback IPSP (Fig. 9) . Bath application of LY341495 (100 M) reduced the peak amplitude of the feedback IPSP from Ϫ5.9 Ϯ 0.4 to Ϫ3.9 Ϯ 0.5 mV (P Ͻ 0.001, n ϭ 5). The integral of the feedback IPSP was reduced by nearly 60% (P Ͻ 0.000001, n ϭ 5). The frequency of spontaneous IPSPs was reduced from 1.1 Ϯ 0.1 to 0.6 Ϯ 0.1 IPSPs/s after addition of LY341495 (P Ͻ 0.000001, n ϭ 5, data not shown). The GABA A receptor antagonist gabazine further reduced the integral of the IPSP compared with LY341495 (P Ͻ 0.000001). Gabazine practically eliminated spontaneous IPSPs (0.01 Ϯ 0.001 IPSPs/s, P Ͻ 0.000001). These results demonstrate that blockade of mGluRs reduces GC-mediated feedback inhibition of mitral cells.
D I S C U S S I O N
The present study demonstrates that activation and inactivation of mGluR5 directly increase and decrease, respectively, the excitability of GABAergic GCs in the MOB. Our results indicate that mGluR5 modulates the strength of GC responses to glutamatergic inputs from mitral/tufted cells and GC-mediated dendrodendritic feedback inhibition in the MOB. These findings suggest that activation of mGluR5 by glutamate released from mitral/tufted cells amplifies lateral inhibition and therefore may increase contrast in the MOB network.
Activation of mGluR5 directly depolarizes GCs
In normal media, ACPD and DHPG robustly depolarized (ϳ20 mV) and increased the firing rate of GCs. These effects were due mediated by direct activation of mGluR5 on GCs and indirect excitation (i.e., increased glutamate release) due to activation of mGluR1 on mitral cells. In the presence of synaptic blockers, the depolarizing response to the mGluR agonists persisted, although it was reduced in amplitude (6 -8 mV). The latter result indicates that ACPD and DHPG directly depolarize GCs. In all cases, identical effects of ACPD and DHPG were observed in slices harvested from rats and wildtype mice.
ACPD and DHPG activate the two known group I receptor subtypes, mGluR1 and mGluR5. Several results indicate that the direct actions of these agonists on GCs are mediated exclusively via activation of mGluR5. First, the selective mGluR1 antagonist LY367385 did not block the effect of DHPG on GCs, whereas it completely eliminates DHPGevoked, mGluR1-mediated excitation of mitral cells at identical concentrations (Heinbockel et al. 2004 ). Second, DHPG had no discernible effects on GCs in mGluR5 knockout mice, whereas it readily activated GCs in mGluR1 knockout mice. Third, neither group II nor group III mGluR agonists elicited currents in GCs. However, because the effects of group II/III agonists were only studied at a single holding potential (Ϫ70 mV), we do not exclude the possibility that these agonists may have effects on voltage-gated currents in GCs inoperative at the membrane potential tested. 
Activation of mGluR5 induces an inward current in GCs
DHPG elicited an inward current in voltage clamp recordings of mouse GCs. The I-V relationship of the DHPG current in GCs was nearly linear between Ϫ140 and Ϫ70 mV and reversed in polarity at approximately -100 mV. The current appeared to decrease at potentials positive to Ϫ60 mV, suggesting that it may involve multiple components similar to DHPG currents in several brain areas (see Anwyl 1999 for review). The identity of the current present at more positive potentials remains to be determined but may involve voltagegated Ca 2ϩ channels, Ca 2ϩ -dependent nonselective cation conductances (Congar et al. 1997; Crepel et al. 1994; Guerineau et al. 1995; Raggenbass et al. 1997) or electrogenic Na ϩ /Ca 2ϩ exchangers (Keele et al. 1997; Lee and Boden 1997; Staub et al. 1992) . A major component of the inward current appears to be mediated by closure of K ϩ channels as it was abolished by K ϩ channel blockers. This is further supported by the observation that DHPG increased the membrane input resistance of GCs in normal ACSF but did not alter it in the presence of K ϩ channel blockers. Previous studies demonstrate GCs have a prominent A-like K ϩ current, I A (Schoppa and Westbrook 1999) . A reduction of I A is unlikely to fully account for the DHPG-evoked inward current as I A in GCs is sharply voltage dependent, activates at potentials positive to Ϫ45 mV, and inactivates rapidly (Schoppa and Westbrook 1999) . By contrast, the DHPG-evoked current varied linearly with voltages negative to Ϫ45 mV, and its steady state amplitude was measured at a time point several hundred milliseconds after inactivation of I A . Given their similar properties (e.g., linear I-V relationship), a reasonable mechanism for the DHPGevoked current is a decrease in a leak K ϩ current. In agreement with this possibility, activation of group I mGluRs has been reported to reduce leak K ϩ currents (Glaum and Miller 1992; Guerineau et al. 1994; McCormick and von Krosigk 1992; Takeshita et al. 1996) .
Activation of mGluR5 on GCs increases GABA release from GCs
The present results demonstrate that activation of mGluR5 on GCs increases GABAergic inhibition of mitral cells. In the presence of ionotropic glutamate receptor antagonists, DHPG increased the frequency of GABAergic IPSCs in mitral cells. Such effects persisted in mGluR1 knockout mice, indicating that direct activation of mGluR5 is sufficient to drive GABA release from GCs. These findings suggest that the DHPGevoked closure of K ϩ channels provides sufficient depolarization to increase GABA release from GCs.
Pharmacological activation of mGluR5 increases GABA release from GCs, but does mGluR5 modulate GABA release in response to synaptic input from mitral/tufted cells? The present findings suggest that mGluR5 plays an important modulatory role in regulating GABA release from GCs after activation of mitral/tufted cells. Inactivation of mGluRs with LY341495 significantly reduced the magnitude of voltagesensitive dye signals in the EPL elicited by mitral/tufted cell activation. We have previously shown that such signals primarily reflect glutamatergic excitation of GC dendrites (Laaris et al. 2006) . LY341495 also reduced spiking responses elicited by antidromic stimulation of mitral/tufted cells. Although we cannot ascribe these effects solely to blockade of mGluR5, these result suggests that activation of mGluRs by endogenously released glutamate tonically modulates the excitability of GCs. LY341495 reduced evoked responses in the voltagesensitive dye experiments to a greater extent than in the whole cell patch-clamping experiments. One possibility is that mGluR5 components of the evoked response in normal media may degrade in whole cell recordings because the intracellular components involved in mGluR5 transduction could run-down as a result of dialysis. This in turn would lead to a reduced effect of LY341495 in the whole cell recordings compared with the voltage-sensitive dye recordings.
Consistent with the reduction of mitral/tufted cell-evoked excitation of GCs, application of LY341495 significantly reduced the feedback IPSP evoked by intracellular depolarization of individual mitral cells. These effects do not appear to be mediated by presynaptic suppression of glutamate release as LY341495 did not reduce the mitral/tufted cell-evoked EPSP or EPSC in GCs. The reduction in mitral/tufted-evoked spiking and the feedback IPSP may to be due to the small tonic hyperpolarization in some GCs elicited by LY341495, which would bias the GC away from spike threshold and reduce evoked spiking. The present findings show that activation of mGluR5 depolarizes GCs, at least in part, via K ϩ channel closure. Inactivation of mGluR5 by LY341495 may prevent ambient or mitral/tufted cell-evoked, glutamate from closing K ϩ channels, accounting for the observed hyperpolarization. It is less clear how this would influence the feedback IPSP. K ϩ channel blockers have been reported to increase (Schoppa and Westbrook 1999) or have no effect (Halabisky et al. 2000) on the dendrodendritically mediated feedback IPSP in mitral cells. An additional possibility is that LY341495 prevents glutamateevoked, mGluR-mediated Ca 2ϩ release from internal stores in GCs (Carlson et al. 1997; Geiling and Schild 1996) , leading to reduced GABA release, or that it alters other aspects of GC excitability. Additional studies are needed to address these possibilities.
Functional considerations
mGluR5 is localized on portions of GC dendrites in the external plexiform layer directly opposed to presynaptic glutamatergic synapses from mitral/tufted cell lateral dendrites (van den Pol 1995). Our results suggest that activation of mGluR5 increases mitral/tufted cell-evoked excitation of GCs and, in turn, facilitates dendrodendritic GABA release onto mitral/tufted cells. GC-mediated lateral inhibition plays an important role in odor contrast enhancement in the MOB (Yokoi et al. 1995) . mGluR-mediated responses typically have a slow time course and are maximally activated by highfrequency stimulation (for review, see Anwyl 1999). Activation of mGluR5 on GCs may function to enhance the temporal envelope of lateral inhibition beyond that mediated by ionotropic glutamate receptors or to amplify lateral inhibition during repetitive sensory input associated with high-frequency investigative sniffing.
